Introduction
The phenomenon of inelastic scattering of light by matter is referred as Raman spectroscopy named after Sir Chandrasekhara Venkata Raman who first observed it experimentally in 1928 [1] . Because only one photon out of 10 6 -10 12 incident photons is inelastically or Raman scattered, it took some time until lasers with high enough light intensities for efficient Raman excitation and very sensitive detectors for measuring the still low intensity Raman light were developed. Another important step in advancing Raman instrumentation was the efficient rejection of the very intense elastic scattered light, known as Rayleigh light, through a double or triple monochromator or filters [2] . Nowadays, Raman spectroscopy is being successfully applied to both in-and ex-situ analyses of various processes and materials in different states of matter (solid, liquid, gas or plasma). Moreover, Raman spectrometers have become small, portable and easy to use even for nonspecialists. This technique is covering a very broad range of application fields, at scientific and industrial levels, including pharmaceuticals, biology, environment, forensics, geology, art, archaeology, catalysis, corrosion, materials and others. Giving the large amount of specific information related to each of the abovementioned areas, we refer the interested reader to [3, 4] .
In the field of semiconductors, Raman spectroscopy has shown to be a powerful analytic tool for investigating mechanical stress, crystallographic orientation, doping, composition, phase, and crystallinity of semiconductor materials in bulk, thin film and device form [4] [5] [6] [7] . In particular, the use of Raman spectroscopy to study solar silicon materials in form of thin films on glass, wafers, and ribbons, which are then processed to solar cells used as a clean and sustainable energy source has gained new momentum in the context of climate change and energy security. The physics behind Raman scattering in semiconductors or crystals is based on the inelastic interaction of light with lattice vibrations or phonons that are sensitive Advanced Aspects of Spectroscopy 222 to internal and external perturbations. A short but relevant theoretical introduction in the case of silicon will be given in Section 2. Back to early 70th, it was Anastassakis et. al. first reporting on the shift of the first-order silicon Raman peak under uniaxial external stress [8] . This work triggered the application of Raman spectroscopy in measuring internal stresses present in semiconductor materials and structures. Particularly important for the present contribution are the studies on local internal stresses in microelectronics devices such as silicon integrated circuits using confocal micro-Raman spectroscopy where the exciting laser light is focused onto the sample's surface through a microscope objective thus enabling investigations on the micrometer scale [4, 5] .
The first experimental part of this chapter (Sections 3.2 and 4.1) is mainly focused on the application of confocal micro-Raman spectroscopy to map the spatial distribution of internal stresses, their magnitude and sign in different solar silicon materials following the existing work in silicon microelectronics. Because internal stresses may decrease mechanical strength increasing the breakage rate and induce recombination active defects when combined with external stresses, their understanding and control will improve both process yields and solar cell efficiencies. In addition to mechanical information, other useful material properties can be obtained from the same first-order silicon Raman peak. We will show how internal stresses, defects, doping, and microstructure can be directly correlated with each other on the same map, enabling the basic understanding of their interactions. The micro-Raman measurements are supported and complemented at identical positions by other techniques such as EBSD, EBIC, and defect etching. Such a combination allows the correlation of internal stresses, recombination activity and microstructure on the micrometer scale.
In the second experimental part of this contribution (Sections 3.3 and 4.2), confocal macro-Raman spectroscopy is introduced and its application to solar silicon is demonstrated for the first time. Macro-Raman spectroscopy represents the state-of-the-art in fast, large area Raman mapping being initially developed to analyze the chemical homogeneity in pharmaceutical tablets. We will present a statistical analysis using Macro-Raman mapping of solar silicon, which is usually characterized by large spatial properties variations. The combination of the two mapping techniques offers insights into the interplay between solar silicon properties at different length scales. Finally, the potential use of macro-Raman spectroscopy for optimization and in-line quality check in a PV factory will be discussed.
Such detailed Raman studies are not limited to solar silicon materials but they can be performed on all Raman active materials. In this context, it is clear that today Raman spectroscopy is a versatile and mature characterization method, which can be applied both at micro-and macro-scale to learn about the interaction between materials properties and their optimization in relation to individual processing steps.
Theoretical background of Raman spectroscopy in silicon
The aim of this section is to provide the basic equations and their interpretation necessary to understand the experimental results shown throughout the present chapter. A rigorous mathematical derivation is extensively documented in many textbooks and papers published during the long history of the Raman effect [4, 5, [8] [9] [10] [11] [12] [13] [14] . In a Raman experiment described from a classical point of view, monochromatic light of frequency ωi originating from a laser is incident on a crystal in a direction ki with E = E0exp[i(ki·r -ωit)]. The electric field of light will induce an electric moment P = ε0χE, with the interaction between light and crystal at position r being mediated by lattice vibrations or phonons characterized by a wavevector qj and a frequency ωj with Qj = Ajexp[±i(qj·r -ωjt)]. It is the electrical susceptibility χ, which is changed by phonons. This means that the induced electric moment will emit besides the elastic scattered Rayleigh light of ωi, Raman light of ωi + ωj and ωiωj resulting from anti-Stokes and Stokes Raman scattering, respectively [5] :
From a quantum mechanical point of view, a photon described by ki, ωi produces an electron-hole pair. The electron is excited from the ground state to a higher energy state and interacts with a phonon characterized by qj, ωj. As a result of this interaction, the electron gains or losses energy and trough the recombination of the electron-hole pair a photon ks, ωs is emitted, where ωs = ωi + ωj and ωs = ωiωj for anti-Stokes and Stokes Raman scattering, respectively. In most cases, only the silicon Stokes Raman peak known also as the first-order silicon Raman peak occurring in the absence of internal and external perturbations at ω0 ~ 520 cm -1 is measured and examined. This peak is referred as the silicon Raman peak throughout the next sections. It corresponds to lower energy scattered photons λ1 than the incident ones λ0. The conversion formula from nm to cm -1 is written as: 
Orientation evaluation
The Raman scattering efficiency or intensity depends on the polarization direction of the incident (ei) and backscattered (es) light and on the three silicon Raman tensors R´j which are proportional to (∂χ/∂Qj)0 (see Equation 1), I0 is a constant including all fixed experimental parameters [5, 10, 14] : 
By continuously rotating the polarization direction of the incident laser light θ with a λ/2 plate for two analyzer positions x and y, it is possible to obtain two experimental curves showing the intensity variations of the silicon Raman peak. The data fitting based on Equation (4) results in the numerical evaluation of the three Euler angles which are needed to describe the crystallographic orientation of a particular grain with respect to the stage (reference) coordinate system. Having the grain orientation, the intensity variations of the three optical phonons with polarization settings I X j(θ) and I Y j(θ) can be simulated separately. These six intensity variations can be transformed into six intensity ratio functions [10] :
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It has been shown that for almost any arbitrary oriented grain, distinct polarization settings (θ, x or y) for which the intensity of one phonon prevails over the intensity sum of the other two phonons can be found [10] . Performing three Raman measurements on the same grain, one for every single-phonon polarization settings, several stress tensor components can be determined as experimentally shown in Section 4.1.1.
Stress evaluation
In the absence of stress (internal or external), the three Raman optical phonons of silicon are degenerate leading to a single Raman peak at ω0 ~ 520 cm -1 . Large mechanical stresses in the GPa range lift the degeneracy causing frequency shifts of the three optical phonons Δωj = ωj -ω0 , which appear as separate peaks in the Raman spectrum depending on the direction of the applied stress and measurement conditions [8, 12, 13] . When the stress level is below 1 GPa, these frequency shifts are too small to be resolved being masked by the natural width of the silicon Raman peak. In such cases, particular polarization settings for the incident and backscattered Raman light can be found that allow the excitation and probing of the three optical phonons almost separately and consequently their frequency shifts can be determined. These settings vary with the orientation of the investigated grain as discussed in the previous section. Next step consists in using the secular equation that relates the frequency shifts to the strain tensor components [5, 9, 10] : 
Here p, q, and r are material constants so-called phonon deformation potentials being the only three independent components for cubic symmetry crystals such as silicon, ε´ij are the strain tensor components in the crystal coordinate system, while the eigenvalues λj (j = 1,2,3) are given by 22 000 0 () ()2 .
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The stress tensor components are finally obtained from the inverse Hooke's law ε´ij = Sij·σ´ij where Sij represents the elastic compliance tensor whose components are material constants. It is evident from Equation (6,7) that the three frequency shifts Δωj are not enough to determine the six independent stress tensor components σ´ij. The probing depth in silicon ranges from a few hundreds of nm to a few µm for visible excitations, and from a few nm to a few tenths of nm for UV excitations. Thus, due to wavelength dependent absorption, only the stress state close to the sample's surface is measured. This implies a predominant planar stress state described by three stress components σ´xx, σ´yy, and τ´xy that can be numerically evaluated using the three frequency shifts Δωj. The residual stress components in the z direction given by σ´zz, τ´xz, and τ´yz are included in Δ´z which also serves as a correction parameter [10] :
The following equation can be used to transform the stress tensor components into average or von Misses stress:
Another more straightforward way to relate measured Raman shifts to stress values is the use of a simple stress model illustrating the stress state in the sample. The classical example in the case of silicon is the presence of uniaxial stress σ along the [100] direction and the measurement of the backscattered Raman signal from the (001) surface [5] . In this configuration, only one stress tensor component is non zero:
If biaxial stress in the x-y plane with stress components σxx and σyy (or σxx = σyy for isotropic stress) describes the stress distribution in the sample: 19 
These two formulas (10, 11) written in the stage coordinate system are commonly used in the community for a fast and reliable estimation of the average stress independently of the crystallographic orientation of grains in multicrystalline silicon. Thus, 1 cm -1 shift of the silicon Raman peak with respect to the stress free value of ~ 520 cm -1 corresponds to a uniaxial stress of 500 MPa or to a biaxial in-plane isotropic stress of 250 MPa. It can be seen that tensile stress shifts the silicon Raman peak to lower frequency, while compressive stress to higher frequency as sketched in Figure 1(a) . Experimental examples of the stress state evaluation using both methods described above will be given in Section 4.1. In the absence of stress, the three Raman optical phonons of silicon (1 x LO, 2 x TO) are degenerate resulting in a single Raman peak at ω0 ~ 520 cm -1 . The plasma lines originating from an external reference lamp are used to correct the silicon peak position with respect to the thermal drift of the spectrometer grating. Tensile or compressive stresses (internal or external) below 1 GPa may shift the silicon Raman peak to lower or higher frequencies, respectively. (b) Comparison between Raman spectra of stress-free silicon reference and tensile stressed thin film solar silicon on glass. The peak asymmetry caused by high boron doping is clearly visible.
Doping evaluation
In the case of highly doped silicon, a resonant interaction occurs between the discrete optical phonon states (phonon Raman scattering) and the continuum of electronic states in the valence or conduction bands (electronic Raman scattering) because of electron-phonon coupling. This leads to Fano-type silicon Raman peak asymmetries, which can be observed as tails either on the right side (for p-type doping) or on the left side (for n-type doping) of the otherwise symmetric silicon Raman peak as shown in Figure 1 (b) [11, [14] [15] [16] [17] . The function used to fit the intensity of the silicon Raman peak I(ω) is given by [11] 2 max max 0 2 max
Here I0 is a scaling factor, q is so-called symmetry parameter, Γ is the linewidth of the peak, and ωmax is the peak position in the presence of Fano interaction. The symmetry parameter q describes the shape of the silicon Raman peak affected by Fano resonances. Large q > 150 values correspond to standard doping (< 10 16 cm -3 ) resulting in a nearly symmetric peak, while small q < 50 values correlate with high doping (> 10 18 cm -3 ) and pronounced peak asymmetry. For highly doped silicon, 1/q is approximately proportional to the free carrier concentration [11] . Thus, an accurate quantitative evaluation of doping on the micrometer scale is possible, provided a good calibration curve exist.
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Qualitative defect density evaluation
As shown in the previous three sections, Raman spectroscopy can provide detailed information about semiconductor materials, in this contribution solar silicon, including crystal orientation, internal stresses and doping, which can be extracted from the intensity, position and asymmetry of the silicon Raman peak. In addition, the linewidth of the peak relates to the presence of extended crystal defects. In a perfect crystal, the phonon lifetimes are theoretically infinite in the harmonic approximation that neglects third-and higherorder derivatives of the crystalline potential resulting in narrow delta function-like linewidths of the optical phonon Raman spectra [18] . Defects act as anharmonic perturbations leading to finite phonon lifetimes that manifest themselves as a broadening of the peak described by its full-width at half maximum denoted FWHM or Γ. Therefore, the anharmonic lifetimes of phonons are defined as 1/Γ being evaluated using first principles calculations including both kinematic effects; i.e., the decay of phonons into vibrations of lower frequency and dynamic effects; i.e., the magnitude of the tensor of the third derivates of the crystal potential with respect to atomic displacements that describes the instability of one-phonon states. The calculated Γ values of the Raman-active optical phonons were found to agree well with those determined experimentally in the case of single crystalline semiconductors (defect free) such as diamond, Si, Ge, GaAs, GaP and InP [19, 20] .
Anharmonic effects and consequently broadening can also be induced by internal or external stresses approaching the stress-induced splitting limit of the peak as discussed in Section 2.2 or by large stress gradients within the probed volume [5] . Moreover, doping and/or impurities can either produce new Raman peaks through their own vibrational modes or alter/broaden the Raman spectrum of the host material through the change in mass and bond length (atomic effects) as well as through the resonant Fano interaction of free carriers (donors or acceptors) with the lattice (electronic effects). Because all these information originates from the silicon Raman peak, one can separate between the effects of stresses, doping and/or impurities and that of defects on the FWHM values. The Raman linewidths were also found to broaden in the case of relatively small grains (in the nm range) due to the phonon confinement effect, that is, the frequency distribution of the scattered light comes from a broader interval in k-space around the Γ-point in the Brillouinzone since the Δk = 0 selection rule is partially lifted by the phonon scattering at grain boundaries [21] . Such a broadening does not occur in large grained solar silicon as presented here.
Experimental details

Sample preparation for Raman measurements
Raman spectroscopy investigates materials nondestructively, the appropriate excitation laser power to avoid damage being material dependent, without elaborated sample preparation. In the case of silicon thin film solar cells on glass, no sample preparation is needed because the as-grown material has low roughness. This is different for wafer-and ribbon-based solar cells for which a simple sample preparation procedure is necessary. Their surfaces have to be evened out by mechanical polishing prior to the Raman measurements to avoid artifacts induced by uncontrolled reflections at rough surface facets. The standard polishing procedure applied to small pieces consists in changing gradually from larger to smaller diamond particle sizes with the final polishing step removing most of the previously damage surface layer, thus leaving the samples in a negligible polishing-induced stress state. The cutting into small pieces leads to stress relaxation due to the creation of free surfaces as discussed in Section 4.1.2. After polishing, the samples are Secco-etched [22] for 5 seconds to make the grain boundaries and dislocations visible. This short defect etching step does not affect the Raman scattering or the other measurement techniques used herein.
Micro-Raman spectroscopy
The incident light needed for Raman excitation is provided by a laser with a main emission with narrow line width. An interferential filter is used to block the other emissions of the laser. After being reflected by an edge or a notch filter, the light is focused onto the sample's surface through a microscope objective, thus giving rise to the term micro-Raman spectroscopy.
Depending on the objective (magnification, numerical aperture) as well as on the excitation wavelength, the diameter of the incident laser beam is different. For the 100x objective (numerical aperture 0.9) and 633 nm excitation employed in the micro-Raman measurements presented here, the probing diameter is ~ 1 µm. The laser power density can be quite high, thus a low laser power of ~ 2 mW at the silicon sample's surface should be used. In these conditions, no shift or increase in the FWHM of the silicon Raman peak due to the local heating of the sample by the laser beam were observed.
As already mentioned in Section 2.2, the probing depth is controlled by the material absorption, which is wavelength dependent. In crystalline silicon, an excitation wavelength of 633 nm results in a penetration depth of ~ 3 µm, while 457 nm gives ~ 300 nm. Since we use 633 nm, the entire thickness of the silicon thin films on glass is probed, while only the surface of the ~ 200 -250 µm thick silicon wafers and ribbons is measured. The backscattered Raman light passes back through an edge or a notch filter which cuts most of the Rayleigh light, it is dispersed using a grating and then detected by a silicon CCD detector. All Raman measurements herein were performed at room temperature in the backscattering configuration using a LabRam HR800 spectrometer from Horiba Jobin Yvon. A schematic picture of our micro-Raman spectrometer is displayed in Figure 2 .
In order to draw correct conclusions about materials with varying spatial properties, not only several but many Raman spectra are acquired while moving the microscope stage with the sample in x-and y-directions in steps equal or smaller than the diameter of the laser probing beam as shown in Figure 2 . This results in a complete micro-Raman mapping of the investigated areas, which are usually in the range of a few tens of µm 2 . The exposure time is typically up to 1 s per spectrum. These spectra are fitted with a Gauss-Lorentzian function and maps of the shift, FWHM and intensity of the silicon Raman peak corresponding to the spatial distributions of internal stress, defect density and grain orientation are obtained. A Fano-like fitting function as in Equation 12 is used for doping evaluation [11] . To ensure correct interpretation of the Raman data as well as to be able to visualize small mechanical stresses, the effect of the thermal drift of the spectrometer grating on the silicon peak position is corrected [5, 14] . This is done by using one of the plasma lines visible in Figure 1 (a) emitted by an external lamp located either close to the spectrometer's confocal hole or above the microscope [23, 24] . 
Macro-Raman spectroscopy
Macro-Raman spectroscopy enables fast, large area Raman mapping in the cm 2 range needed for statistical studies of materials properties and the correlations between them and with processing. In the context of PV, this technique can be used not only for fundamental studies in laboratory scientific research but also for optimization and in-line quality check in a PV factory. Macro-Raman mapping is possible through two add-ons that can be integrated in any existing micro-Raman spectrometer. The two new DuoScan TM (hardware) and SWIFT TM (software) Raman scanning modules developed by HORIBA Jobin Yvon provide significant reduction by orders of magnitude of the measurement times by means of large area probing beam (macro-beam) and high speed detector-stage coordination, respectively. Even faster Raman imaging is possible by combing these two technologies [7] .
DuoScan TM Raman imaging technology extends the imaging capabilities of micro-Raman instruments from (sub-) micron to macro-scale mapping. The integration of the DuoScan unit to an existing micro-Raman spectrometer is shown in Figure 3 (left). This mode is based on a combination of two orthogonally rotating piezo-mirrors that scan the laser beam across the sample following a user-defined pattern as displayed in Figure 3 (middle). The size of the resulting macro-beam is adjustable being limited only by the opening of the used microscope objective. The maximum macro-beam sizes achievable with our 50x (NA 0.80) or 10x (NA 0.30) NIKON microscope objectives are 100 x 100 µm 2 or 1 x 1 mm 2 . DuoScan allows to integrate the Raman signal over the macro-beam area giving an average spectrum, which contains the same spectral information as that obtained by averaging all micro-Raman spectra for the same area. The gain in acquisition time is evident, macro-Raman being orders of magnitude faster than conventional micro-Raman. For example, if an area of 30 x 30 µm 2 is entirely probed by macro-Raman in one second, micro-Raman with a spotsize of 1 x 1 µm 2 needs 900 seconds to cover the same area. The price one has to pay is the loss of lateral resolution.
Furthermore, DuoScan can be used in a step-by-step mode where the mapping takes place without moving the stage with the sample. A minimum step size of 50 nm is reached by deflecting the laser beam, which complements successfully the stepping capability of the stage specified to be ~ 500 nm. This mode applies for Raman imaging of nanoscale objects and features. The DuoScan mapping capabilities are summarized in Figure 3 
Complementary techniques to Raman spectroscopy for solar silicon studies
The Raman investigations on semiconductor materials represent an important step towards their fundamental understanding and the control of their properties for designing devices with specific functions. As already mentioned, Raman spectroscopy can provide detailed information regarding the spatial distributions of internal stress, defect density, doping, and grain orientation. We will show that even more insight into the interaction between different properties of silicon PV materials can be achieved when Raman measurements are supported and complemented at identical positions by other techniques such as EBSD, EBIC and defect etching.
EBSD measurements are performed using an EDAX system attached to a TESCAN LYRA XMU scanning electron microscope (SEM) to determine the grain orientations and grain boundary types. The crystal orientation is given in the {hkl}<uvw> representation where {hkl} is the crystal plane perpendicular to the sample normal direction (z axis) and <uvw> is the crystal direction aligned with the transverse direction of the sample (y axis). The inverse pole figure (unit triangle) shows the sample normal direction relative to the axes of the measured crystal. The misorientation between adjacent grains is given in the angle/axis notation, that is, the rotation angle about the axis common to both lattices to bring them into coincidence, and in terms of Σ-value which denotes the fraction of atoms in the GB plane coincident in both lattices [25] .
EBIC measurements are done with an EVO 40 SEM at 20 keV beam energy both at room temperature and 80K to image most of the electrically active defects. In order to render the inhomogeneities of recombination clearly visible, a color scale is used for the EBIC maps. The maps represent the local EBIC signal normalized by the maximum EBIC signal. The lower the EBIC signal, the higher the recombination activity.
Results and discussions
Micro-Raman measurements
Silicon thin films on glass for solar cells
The unique characterization power of the Raman technique consists in the detailed mechanical and microstructural information that can be extracted from the silicon Raman peak: (1) the peak position map -the distribution, amount and sign of internal stresses, (2) the peak full-with at half maximum (FWHM) map -the distribution and qualitative comparison of defect densities, (3) the peak asymmetry map -the distribution and amount of doping, and (4) the peak intensity map -the grain orientation and the grain boundary pattern [7, 10, 11] .
One representative example is shown in Figure 4 for the laser crystallized silicon seed layers of thin film solar cells on glass (in this example, 110 nm thick silicon seed film). The larger FWHM values in Figure 4 (a) indicating a broadening of the Raman spectra are produced by a decrease in the phonon lifetimes, which in turn is mainly due to defects acting as anharmonic perturbations (see Section 2.3). Indeed, the dashed line contours in Figure 4 (a) corresponds to low angle GBs indicated by arrows in the EBSD maps shown in Figure 4 (e and f). It is well known that low angle GBs consist of dislocation networks/arrays. Their presence at these positions is further supported by the continuously changing crystallographic orientation within the studied grain as indicated by the gradual changing color in the intergranular misorientation gradient map by EBSD in Figure 4 (f). Such intergranular misorientation is attributed to geometrically necessary dislocations forming low angle GBs [26] . Dislocations are considered to be among the most detrimental type of defect controlling not only the mechanical but also the electrical properties of silicon and other materials. They are produced by the partial or total relaxation of thermally induced stresses during the crystallization and cooling processes as long as plastic deformation is allowed by temperature, this means above the brittle-ductile transition temperature of silicon. Below this temperature, the remaining thermally induced stresses are incorporated as thermally induced residual stresses in the silicon material. Once created, dislocations can move on glide planes leading to further plastic deformation through their multiplication until the lattice friction becomes larger than the effective stress needed for moving the existing dislocations [6] .
By comparing the FWHM (defect density) and position (stress) maps displayed in Figure 4 (a and b), it can be seen that the two patterns are unlike. Regions of similar FWHM values (similar defect densities) along the two lines of dislocations exhibit different Raman peak positions (different stress levels) showing virtually no influence of internal stresses on peak broadening. The fact that the two dislocation lines are only partly accompanied by stress can be explained by the locally different superposition of stress fields of dislocations and thermally induced residual stresses. Their interaction can lead to local configurations in which internal stresses get cancelled totally, partially or not at all [6, 23, 27] . Thus, we attribute the stress concentrations in Figure 4 (b) to particular combinations of (1) defect configurations/structures, which do not necessary result in higher FWHM values and (2) thermally induced residual stresses. The stress map is corrected for the compressive contributions produced by the Fano effect and by the addition of boron by means of the lattice parameter using Vergard's law [7] . The presence of different types of defects and their nonuniform distribution inside the laser crystallized seed layer are supported by transmission electron microscopy (TEM) investigations shown in Figure 4 (g).
Two lateral stress gradients inside the central grain in Figure 4 (b) are evaluated in form of stress-tensors following the polarized micro-Raman procedure described in [10] . First, the crystallographic grain orientation is determined using the Raman intensity dependences on the polarization direction of the incident light (θ) and Raman backscattered light (x or y analyzer positions) as explained in Section 2.1 at the point marked by the star within this particular grain. The measured plots are displayed in Figure 5 . Their fitting by the Equation 4 gives the following three Euler angles: α = 51° ± 2°, β = 27° ± 2°, and γ = -2° ± 2°, which in turn provide the following rotation matrix to bring this arbitrary oriented grain in the stage (reference) coordinate system: Second, since the internal stresses are too small to produce a visible lifting of degeneracy of the three silicon optical phonon frequencies, the polarization settings for the incident and backscattered light for which the intensity of one of the three phonon modes dominates the other two are simulated using the previously determined Euler angles and Equation 5. The simulations of the six intensity ratio functions W XY j(θ) are shown in Figure 6 . It can be seen that the polarization settings to measure separately the three phonon frequency shits Δωj for the given grain are: Phonon 1: Third, three Raman maps of the area in Figure 4 (b) are measured for the three polarization settings above. Difference stress-tensors are calculated numerically from the three Raman frequency shifts Δωj with respect to the stage (reference) coordinate system as described in Section 2.2: The two lateral stress gradients indicate compressive stresses at these positions with respect to the point marked by the star in Figure 4(b) , while the shift towards lower frequencies (<~ 520 cm -1 ) in the position of the Raman spectra implies tensile stress inside the silicon thin film. Their conversion into average or von Misses stresses using Equation 9 gives Δσ1=227, Δσ2=197 ± 12.5 MPa. Figure 4 (c) shows the asymmetry (doping) map obtained from the symmetry parameter q of the Raman spectra as defined in Section 2.3. For the quantitative doping evaluation, the free carrier concentration vs. q calibration curve in Figure 5 of Reference 11 was used. The free hole concentrations are found to be lower than the nominal boron doping of 2.1x10 19 presumably due to the incomplete activation of dopants during laser crystallization and cooling [11] . Higher doping is observed both along GBs and inside grains. Regarding the influence of doping/impurities on the FWHM as discussed in Section 2.3, there is no correlation between them as seen by comparing the FWHM map with the asymmetry map displayed in Figure 4 The different Raman scattering efficiencies caused by distinct crystallographic grain orientations and the polarization directions of the incident and backscattered laser light can be used to image the grains and to determine their orientations as shown in Section 2.1. This results in intensity maps such as displayed in Figure 4(d) , which enable tracing of GBs represented as solid lines in all Raman maps of Figure 4 . Thus, it is possible to relate grains and GBs to defect, stress and doping distributions, all data being provided by the same Raman mapping.
Wafer and ribbon-based silicon solar cells
Next examples illustrate the application of micro-Raman spectroscopy to block-cast and edge-defined film-feed (EFG) multicrystalline silicon materials, two industrial relevant materials with the former having the largest share (> 50%) in the PV market. Internal stresses are the result of the superposition between the thermally induced residual stresses that is the thermally induced stresses at the end of crystallization and cooling processes and the defect-related stresses. By cutting the silicon blocks and EFG tubes into wafers and then into small pieces for micrometer scale investigations, the thermally induced residual stresses are expected to relax to a large extent due to the creation of free surfaces. This is different in the case of silicon thin films on glass, which are measures as-prepared without any cutting. Thus, in the block-cast and EFG samples, the internal stresses produced mainly by defects are measured.
The resolution of micro-Raman can go down to single dislocation characterization as demonstrated in Figure 7 (a) in the case of p-type block-cast mc-Si material taken from a PV factory production line. Here, the localized and quite symmetric stress distribution including both compressive (red area) and tensile (blue area) and its decay length resemble the stress field of an edge dislocation, which, in this case, is superimposed on the Σ27a GB [23, 27] . The polarized micro-Raman stress measurements give the following difference stress tensors referring to the stage (reference) coordinate system shown in Figure 7 (a). They have been evaluated between stressed positions close to the GB and positions at a distance from the GB, which are not affected by the dislocation stress field: As shown in the previous example, it is worth to combine at the same position micro-Raman with other techniques not only to support the interpretation of the Raman results but also to get new insights into other material properties and their interplay. The EBIC images in Figure 7 (b and c) show lower signal corresponding to reduced minority carrier lifetime of 79% at 300K and 63% at 80K in the region of the GB trajectory change where the edge dislocation is located as well as a signal variation along the Σ27a GB. By comparing the stress and EBIC images, it can be seen that the stressed area close to the change in the Σ27a GB trajectory denoted K and the stress-free area above and below it show similar EBIC signals, and thus similar recombination activities. Figure 7 (e) shows a Raman stress map of the same Σ27a GB at a distance of several millimeters from the position displayed in Figure 7 (a). The compressive (red area) and tensile (blue area) stresses are more extended along the GB, less symmetric, and change positions with respect to the GB as compared with the stress map in Figure 7 (a). This stress distribution is attributed to the stress field of an array of edge dislocations superimposing the GB. The band-like less compressed region on the right-hand side of the Σ27a GB can be explained by the presence of dislocations (edge, screw and/or mixed), in the grain and close to the GB, which have locally rearranged during crystal growth and cooling to reduce the strain energy and thus, the stresses in this region [23, 27] . The following stress-tensor gradients referring to the stage (reference) coordinate system shown in Figure 7 (e) have been determined by polarized micro-Raman: Like in the previous case the stressed and stress-free areas around the GB in Figure 7 (e) are located in a region of similar (lower) EBIC signal of 70% at 300K and 60% at 80K as indicated in Figure 7 Similar spatial properties variations are observed in the p-type EFG mc-Si material taken also from a PV factory production line. In order to illustrate the correlation between internal stresses, defect structure and electrical activity in the EFG material, we show here three positions along the same GB that contain representative examples of this correlation. Here, the internal stresses are evaluated using Equation 11 without employing the polarized micro-Raman procedure as in the case of silicon thin films on glass and block-cast mc-Si. The EBSD, EBIC, and micro-Raman measurements at the first position are displayed in Figure 8 . The Raman stress map shows concentrated tensile (in blue) and compressive (in red) stresses close to a large-angle random GB described by a misorientation angle/axis of 50 o /[518]. Except these areas, nearly no stresses are found neither along the GB nor inside the two adjacent grains of {011}<111> and {112}<145> orientations. By comparing the stress map with the corresponding EBIC map enclosed by the rectangle in Figure 8 (c), it can be seen that not all recombination active dislocations visible at 80K are accompanied by stresses. That is because dislocations interact with each other and tend to locally rearrange in configurations of minimum strain energy that can result in stresses or virtually no stresses. The EBIC image in Figure 8 (c) shows an inhomogeneous electrical activity along different types of GBs as well as inside grains of different crystallographic orientations indicated in Figure 8(b) . The recombination-active Σ3 GBs {60 o /[111]} in Figures 8-10 are marked with an asterisk to distinguished them from the recombination-free Σ3 GBs in Figure 9 . The EBSD, EBIC, and micro-Raman results obtained at the second position are shown in Figure 9 . Like in the previous case, we did not find a one-to-one correspondence between electrically active dislocations and stresses, both exhibiting inhomogeneous spatial and magnitude distributions. These findings are similar to those on block-cast mc-Si displayed in Figure 7 . Different at this position is the presence of tensile (in blue) and compressive (in red) stresses concentrated close to a GB triple point where a Σ5 GB {36.86 o /[100]}, a Σ3 GB, and a large-angle random GB {45 o /[112]} meet. It is worth noting that GBs of the same type, here Σ3 GBs, can be either recombination-free (Σ3) or recombination active (Σ3*), while being both nearly stress-free. Essentially, independent of the GB type, such large differences in electrical activity originate mainly from the absence or presence of recombination-active dislocations on or very close to the GB. This point is confirmed by comparing the defectetched optical image with the EBIC map: the Σ3 GBs decorated by dislocation etch pits (denoted Σ3*) show increased electrical activity, while the Σ3 GBs without dislocation etch pits show no recombination activity. It can be seen that despite the same GB type assignment by the EBSD software, the Σ3* and Σ3 GBs are formed between adjacent grains of different crystallographic orientations. This fact suggests distinct kinematic conditions at these Σ3 GBs that can lead to dissimilar thermally induced stress levels and as a result to the generation or absence of dislocations. On the other hand, Raman measures only those configurations of dislocations (including the recombination-free dislocations) that lead to stresses. In contrast with the first (Figure 8 ) and third ( Figure 10 ) positions, the {011}<111> left-hand side grain shows no reduction of the EBIC signal at the second position despite quite similar grain geometries at these three positions. This indicates that the thermally induced stresses present during the EFG growth relaxed not through the generation of dislocations but through the formation of twins found at the second position by EBSD.
Similar to the previous two cases, we observe non-uniform distributions of electrical activity and stresses along GBs and inside grains at the third position as displayed in Figure 10(c, d) . However, we choose this position to show that the largest recombination activity is not always accompanied by the largest internal stresses as in the case of the first and second positions.
The local variations in the sign and values of the dislocation-related stresses as well as in the strength of the recombination activity are attributed to the cumulative effect of metallic impurity decoration, intrinsic structure, type, density, and distribution of dislocations inside grains and on GBs. This non-uniform distribution of dislocations originates from locally different mechanisms of nucleation, motion, multiplication and annihilation of dislocations controlled by the grain structure including the orientation, size and geometry of the grains, the kinematic constraints at GBs, and temperature. The presence of impurities is confirmed by EBIC measurements which show quite strong reduction of the EBIC signal at room temperature up to 70-80% which further reduces with decreasing temperature up to 50-65% at 80K. Such EBIC behavior corresponding to increasing recombination can be explained by the interaction of shallow levels related to the strain fields of dislocations with deep levels due to metallic impurity decoration and/or intrinsic core defects at dislocations. It is known that impurity accumulation in silicon can be enhanced due to the presence of stresses (thermally induced residual stresses and/or defect-related stresses) at temperatures where both impurities and dislocations are mobile. This can explain the increased electrical activity at regions of higher dislocation densities as at the first and second positions where dislocations are spatially distributed in such a way that their stress fields cancel partially or not at all so that an overall long-range stress field from these dislocations is measured by micro-Raman. The dislocations arranged in configurations in which their stress fields cancel totally (or below the detection limit of our Raman spectrometer of ± 12.5 MPa) are only visible by EBIC (when recombination-active) but not by micro-Raman, as at the third position. Pointby-point correlation of the micro-Raman and EBIC measurements indicates that internal stresses of several tens of MPa do not influence the minority carrier recombination in blockcast and EFG mc-Si. Comparably high stresses of up to 1.2 GPa are necessary in silicon in order to influence its electrical properties such as enhanced carrier mobility in the transistor channel through band structure modification and effective mass reduction [6, 23] .
Macro-Raman measurements
Representative macro-Raman mappings acquired using the DuoScan option described in Section 3.3 on the laser crystallized silicon seed layers of thin film solar cells on glass (in this example, 290 nm thick silicon seed film) are displayed in Figure 11 . These measurements are performed at identical positions using probing macro-beams of 30 x 30 µm 2 and 100 x 100 µm 2 with the 50x and 10x NIKON microscope objectives. The distribution of internal stresses (a, c) and defect densities (b, d) obtained from the position and FWHM of the measured Raman spectra are quite similar when measuring with different DuoScan macrobeam sizes. The inhomogeneous stress patterns in (a, c) are the result of the interaction between defects through their own intrinsic stress fields and thermally induced residual stresses, while the line shape regions in (b, d) correlate with the laser traces where higher defect densities corresponding to larger FWHM values develop predominantly at adjacent laser scan lines where irradiated areas overlap. It can be seen that there is no correlation between the shift/position (stress) and FWHM (defect density) maps both at macro-scale ( Figure 11(a-d) ) as well as at micro-scale ( Figure 4(a and b) ). This further supports the argument used to explain the results in the previous sections, namely the locally different interaction between dislocations themselves and with thermally induced residual stresses. As expected, the sharpness of the features decreases with increasing the size of the probing macro-beam due the loss of lateral resolution. However, the spectral information is not altered by integrating the Raman signal over the 30 x 30 µm 2 or 100 x 100 µm 2 macro-beam areas. Indeed, the normalized histograms in Figure 11 (e, f) calculated from the shift and FWHM DuoScan maps show a good overlap demonstrating that DuoScan can be used for large-scale mapping of PV and other Raman active materials without losing average spectral information. The presence of thermally induced residual stresses is reflected in the position of the shift/stress histogram in Figure 11 (e). Smaller thermally induced residual stresses corresponding to shift/stress histograms closer to or at zero prevent cracking or peeling off the silicon thin film solar cells or even substrate bending minimizing the breakage risk and processing/handling difficulties. When small, they also impede under external mechanical and thermal loads the occurrence of new stress-induced defects, which are commonly recombination active. The qualitative estimation of defects is apparent in the position of the FWHM/defect density histogram in Figure 11 (f) where FWHM values closer to ~ 3 cm -1 corresponding to defect-free silicon indicate lower defect densities in the silicon thin film solar cells. Thus, macro-Raman can be used to evaluate statistically the materials properties and to see clearly the changes originating from different preparation conditions and processing.
Conclusions
The characterization power of the Raman technique at micro-and macro-scale in the case of multicrystalline solar silicon materials is demonstrated. Raman investigations at length scales ranging from µm 2 to cm 2 are possible through two new developed scanning modules, DuoScan TM (hardware) and SWIFT TM (software), which can be integrated in any standard micro-Raman spectrometer. The statistical evaluation of the large area Raman maps measured by macro-Raman spectroscopy shows that macro-scale Raman mapping integrates data over the macro-beam area giving an average spectrum that contains the full spectral information at the cost of decreasing lateral resolution. Moreover, Macro-Raman enables significant reduction by orders of magnitude of the acquisition time: if an area of 30 x 30 µm 2 is entirely probed by macro-Raman in one second, micro-Raman with a spot-size of 1 x 1 µm 2 needs 900 seconds to cover the same area. Deeper insights into the interplay between internal stresses, defects, doping, microstructure, and recombination activity with practical impact on the mechanical stability and conversion efficiency of solar cells have been obtained by combining Raman, EBSD, EBIC, TEM, and defect etching techniques. By tuning the crystallization process, the interaction between dislocations driven by the strain energy minimization can be used to reduce internal stresses resulting in mechanically stronger wafers and cells and to prevent metallic impurity precipitation at dislocations that should lead to improved energy conversion efficiencies. 
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